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ABSTRACT 

A LITERATURE REVIEW OF THE STABILITY OF STORED NUTRITIONAL AND  
STEROID HORMONE BIOMARKERS 

By 

Helen Lynette Biery 

Archiving and storage of biological materials for use in research has seen a significant 

upswing in interest and activity in the last decade and will likely continue to grow as a research 

resource and an industry. Despite all of this activity and economic outlay there is a fundamental 

question that remains unanswered regarding the storage of biological materials: At what storage 

temperature does the least amount of degradation occur? Conventional wisdom would suggest 

that at least -80° C is required for long term storage, however robust evidence is lacking to 

support  -80° C or below as the appropriate long term storage temperature for all biological 

molecules of interest to researchers. 

 The purpose of this thesis is to review the -20° C and -80° C storage temperature 

literature for nutritional and steroid hormone analytes and to begin the process of making a 

scientific case for the appropriate storage temperatures for these analytes. There are limited true 

validation studies of nutritional and steroid hormones temperature requirements from which to 

draw robust conclusions. Thus, well-designed storage temperature validity studies are required to 

ensure that these analytes are stored at a temperature that reduces degradation and ensures that 

studies that store or use these analytes can be assured that their findings are indeed valid. 
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INTRODUCTION 

 

The core of this review is storage stability of biospecimens and why this topic matters to 

epidemiology. The problem of biospecimen storage dates to the 1950s, when some of the early 

epidemiological studies began archiving biological specimens, generally at -20° Celsius (C). One 

of the early cohorts that stored biological specimens was the National Collaborative Perinatal 

Project (1959-1966), and since that time advances in molecular epidemiology have led to the 

archiving of biological samples at the inception of an increasing number of cohort studies, and as 

an addition to the protocol in several established longitudinal cohorts such as the Framingham 

Heart Study. (2, 52) Through these decades, millions of human specimens have been collected 

and stored in freezers at a huge cost, yet there is a fundamental question that remains 

unanswered: At what storage temperature is the greatest stability achieved for a given analyte?     

While the last two decades have witnessed a significant upswing in archiving interest and 

activity the answer to the storage temperature question does not seem high on investigators’ 

agenda. (19, 27, 38, 54, 66, 83) The world has witnessed the launching of the UK BioBank, a 

world class facility intended to receive approximately 19,000 specimens a day or a total of 15 

million specimens in over 4 years at a cost of many millions. (23) Great care was taken by the 

UK BioBank investigators and planners to pilot test all steps in the collection and processing 

chain, but no mention has been made of pilot testing of the temperature requirements of 

specimens. (6, 22, 23, 39, 61, 70)  

The International Society for Biological and Environmental Repositories (ISBER) in 

2012 published “Best Practices for Repositories”, but that document too only lists a few 

references for temperature needs of analytes. (67) Hundreds of articles present investigations of 
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the roles of biomarkers in disease, but most address specimen stability in a similarly cursory 

way, with, at most, references to the work of other investigators with the same stored analyte, but 

rarely with any validation of the measures obtained after storage.  The expectation that best- 

practice protocols for storage of individual analytes would have been formulated, or at least that 

studies that include a particular biomarker would pilot storage protocols, is nearly always 

disappointed.  

Without a validated storage temperature it is difficult to assure that quality data is 

contributing to the analytic model. (40, 52, 87) Analyte stability influences every stage of a study 

using biomarkers, including specimen collection, processing, storage temperature and length, 

measurement, and even cost. (34, 47, 87) In fact, investigators risk “garbage in, garbage out” if 

they fail to attend to all that influences stability.  In the end, problems in analyte stability will 

surely attenuate effect size. (66)  

 Investigators can only control for, and properly interpret, the effect of stability if they 

understand what happens to the analyte of interest when it is in the freezer for any given length 

of storage. (52, 66, 75, 79, 84, 85)  The first question is the shape of the degradation pattern of 

the analyte over time. (75, 84) Does the decline happen in a linear downward slope? Does it have 

an upward slope? Does it incrementally change? Investigators must consider if storage time 

affects the assay’s precision to avoid reducing statistical power, as noted above, or introducing 

bias. (7, 9, 12, 75, 84, 87) For example, if the analyte changes occur differentially in relation to 

subject characteristics in a non-random fashion, bias can be introduced. (66, 84) For instance, 

some vitamins decline differently depending on the original concentration quartile, and because 

of the action of other substances in serum (e.g.  EDTA, lipid peroxides, or antioxidants). (9, 24, 

58, 67)  Of course, analytic measures that start in the bottom quartile may degrade away entirely, 
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but evidence exists that for some analytes, starting in the upper quartile may result in faster 

initial concentration decline—in either case this can be controlled for but only if it is understood 

and accounted for in the analytic plan. (66, 81, 87) 

Study methodology and protocols may create an environment where stability is the 

critical issue in the analytic model or may introduce bias into measurement results. (7, 9, 12, 22, 

85) First, cohorts often take several years to be assembled. Biological samples must then be 

stored for varying lengths of time.  Matching on length of storage must be undertaken to avoid 

influencing results. (75, 77, 79) Nested case-control studies are methodologically well-suited to 

study biomarkers, but the resulting long storage time requires an understanding of, and planning 

for, the effect of stability on analyte concentration. (75, 77, 79, 87)  Care must be taken to ensure 

that all samples are initially collected, processed, stored, and analyzed with the strictest 

adherence to a uniform protocol that is identical for cases and controls. (15, 87) Multi-center 

trials often have demographic characteristics that vary by site requiring investigators to control 

for site to avoid introducing non-random between subject variations. (63, 75, 87) For instance, in 

the European Prospective Investigation into Cancer and Nutrition (EPIC) recruitment began in 

Oxford which had a higher SES and more vegetarians. (41, 73)  As a result, both storage time 

and a lifestyle risk factor were systematically different by site and confounded with each other. 

(73) 

Freeze-thaw cycles of the specimens must be considered as both a biological and 

methodological issue. (3, 51, 62, 74, 75, 77) For many analytes it appears to not matter how 

many cycles they incur, but for some, these cycles set in motion biological processes 

(introduction of moisture, oxidation, etc.) that impact upon ultimate concentration. (3, 12, 84) 

The number of freeze- thaw cycles may need to be accounted for by matching samples on the 
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number of cycles. (72, 84) This problem can also be minimized by storing specimens in multiple 

small aliquots. (84, 87) 

Ocke and colleagues demonstrated, in a small simulation of carotenoid and niacin levels, 

that random between-subject differences in declining concentration tended to bias the effect 

measurement toward the null. (66) They concluded that the simulation was too small to make 

any precise estimation of effects, but rather demonstrated that stability must be understood “to be 

able to correct the epidemiological measures of effect for attenuation”. (66)  

 Beyond the scientific reasons to understand stability,  the cost and carbon footprint of 

long term ultra-low temperature storage should  motivate exploring the highest storage 

temperature required to produce viable specimens, because  the lower the temperature the higher 

the energy consumption and the carbon footprint. (20) The cost of -20° C storage is about one 

third of the cost of -80° C. (20) Electrically powered mechanical refrigeration looms large on the 

horizon for long term bio-specimen storage as the world adopts carbon taxes and other measures 

to reduce global warming. The cost of ultra-low temperature storage can only increase making it 

critical for specimens to be stored at the scientifically required temperature to produce a reliable 

assay of a given analyte. (20, 39) 
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CHAPTER 1: METHODS 

 

A. Search Criteria 

The National Library of Medicine’s website, PUBMED, was systematically searched for 

articles relevant to the stability of stored blood that were published in peer reviewed journals 

from 1970 – 2013. Search strategies were developed using combinations of the following 

medical subject heading (MeSH) keywords: nested case control and cohort samples, biostorage, 

temperature, biobanking, specimen storage, storage conditions, degradation, stability, and 

validity. The author conducted a separate review of each analyte of interest with the MeSH words 

stability of stored “analyte” and validity of stored “analyte” to ensure that the storage validity 

literature of specific analytes of interest was completely captured. For example, the fat soluble 

vitamin A compound retinol was searched for individually with the following phrases: “stability 

of stored retinol” and “validity of stored retinol”.  A total of 436 potential titles were identified 

via the two search strategies and articles were considered relevant if the title included some 

combination of an analyte, temperature, stability, validity, or stored samples. A review of the 

relevant titles’ abstracts and methods resulted in 109 full articles retrieved for review.  

The National Collaborative Perinatal Project (NCPP) bibliography and the International 

Society of Biological and Environmental Repositories (ISBER) website were cross referenced to 

establish that all relevant articles were retrieved. The NCPP bibliography contributed 3 

additional articles and the ISBER bibliography posted in February of 2009 lead to the discovery 

of 2 additional articles. The citations of all included articles were systematically searched and an 

additional 9 articles were added to the review database. Articles were excluded if the paper was 
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not available in English (n=2). This review does not include unpublished data or scientific 

conference abstracts or reports (n=3).  

B. Inclusion Criteria  

This search strategy resulted in 68 peer reviewed articles included for the final review. To 

be included studies had to store specimens for a minimum of 6 weeks (42 days) and delineate 

storage and analyte measurement methods. Initially the inclusion criteria only included true 

validation studies, but the author quickly realized that a significant number of papers would be 

excluded if all studies were required to have baseline measurements. The inclusion criteria were 

expanded to catalog less robust representations of validity, and the author developed a system, 

modeled after US Preventive Services Task Force recommendation ranking, to characterize 

articles by the rank order level of evidence that they contributed to the science of stored 

specimen stability. 

C.  Literature Matrix 

 The gold standard for specimen stability validation requires storing blood at a 

predetermined temperature,  measuring the quantity of a given analyte at baseline (time of 

collection), and continuing to measure the quantity of the analyte at specified time intervals with 

the goal of documenting the effect of storage over time. Validation studies that estimated 

baseline analyte values with a robust statistical process were still considered to be a true 

validation study or level A literature (n= 28). (Appendix table 1) Studies that compared stored 

specimens’ values to specimens from the same archive that were tested after baseline were 

labeled level B evidence (n = 2). Studies that compared results to fresh specimens’ measurements 

were designated level C evidence (n = 5). Finally, Level D (n = 9) evidence was defined as 

comparing study measurements to other published measurements of the analytes of interest 
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stored at a similar temperature and ideally for a similar number of years. The literature rank 

order scheme is summarized in appendix table 1. 

Storage temperature validity is ultimately driven by the analyte of interest, thus articles 

were further organized by the analyte being evaluated for storage stability. Nutritional markers 

and steroid hormones are the primary focus of this review.  Literature review summary tables 

were created that organized the articles by analyte, by storage temperature, and finally by the 

level of evidence that the article contributed. (Appendix tables 2 - 9)  
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CHPATER 2: NUTRITIONAL RESULTS 

 

A.  Nutritional Biomarkers Background 

The epidemiological literature is full of explorations of the role of nutritional markers in 

everything from pregnancy related conditions to cancer, and heart disease. One can easily find 

multiple large cohorts that have stored biological specimens for the purpose of supporting 

cohort and case-control studies that have or will evaluate the effect of nutritional markers on 

disease outcomes. One notable example is the European Prospective Investigation into Cancer 

and Nutrition (EPIC) which is poised to answer a multitude of questions with approximately 

520,000 participants’ health and lifestyle information and a biological repository. (73) 

Biological samples from many thousands of participants have been at the center of the 

nutritional hypotheses studied within The Japan Collaborative Cohort (JACC) Study for the 

Evaluation of Cancer Risk and The National Health and Nutrition Examination Survey 

(NHANES). (63, 70) The largest perinatal repository is the Finnish Maternity Cohort (FMC) 

with 1.3 million first trimester serum samples. (33) Add to these larger cohorts the numerous 

smaller projects with biological specimens and the significant number of stored specimens 

residing in freezers all over the world can be appreciated.  

Despite all of this activity knowledge is lacking regarding the stability of stored 

nutritional analytes. (9, 35, 67) Nutritional investigators have complained that they lack a 

validated map describing how the nutritional markers behave when stored at a particular 

temperature for a given period of time. (63, 66)  Many investigators attempt to describe the 

stability of stored analytes while also investigating the analytes’ role in disease. (16, 38) The 

cohort and case-control literature is full of studies that attempt to validate measurements they 
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produce without stored sample validation being a hypothesis they intended to study. (37, 38, 

40) Commonly these papers will assure readers that their samples are valid by referencing 

unpublished results from their lab, by drawing some fresh specimens from staff, comparing to 

the results of similar studies, or by simply arguing that all samples experienced the same 

degradation. (2, 18) The resulting body of evidence relies more heavily on expert opinion or 

less robust determinations of stability than on the results of studies designed to validate the 

degradation of a given analyte at a given temperature.   

This review included 25 nutritional analyte articles that had stored specimen stability as a 

study hypothesis, and spanned the breadth of quality from validation studies with baseline 

measurements (level A) to validation studies that compared results to published results (level 

D). The final search strategy for this paper discovered 18 papers that did not have nutritional 

biomarker storage validation as a hypothesis and they were eliminated from the review.  

Reviewed articles are organized first by type of nutritional marker and then by the 

standard vitamin classification scheme and subgroups: A) fat soluble vitamins 1) vitamin A 2) 

vitamin D 3) vitamin E and B) water soluble vitamins 1) vitamin C 2) vitamin B1, B2, B3, 

B6, B9, and B12. Next the papers were organized around storage temperature (-80/-70° C, -

25/-20° C, or both), and finally by the level of evidence (level A, B, C, or D). A summary 

table of papers included in each nutritional section is presented in the appendix (table 2 – 9) -- 

results are presented as annual percent change unless noted otherwise.  

B. Fat Soluble Literature 

1. Fat Soluble Literature: Retinol and Vitamin A 

Retinol is the most commonly studied vitamin A compound with a total of 14 studies, 

3 of which contributed level A evidence at -80 storage. (Appendix table 2) Level A evidence 
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or true validation studies require the use of baseline analyte measurements—two studies had 

baseline measurements and one study estimated baseline with a regression line created from 

measurements at three time points (15.5, 27.5, and 51.5 months). (17, 37) The reported 

percent change for retinol calculated from a regression line was -0.49% annually (17). 

Comparison to actual baseline measurements resulted in an annual percent change of -0.5 % 

after 9 years of storage (37) and an annual change of 1.5% reported after approximately 28 

months. (19) 

Retinol stability was validated in two studies that met the criteria for level C evidence 

(Appendix table 2) utilizing approximately 200 specimens stored for 10 and 8 years at -80° C. 

(86, 65) Willett and colleagues used fresh samples and reported an annual change of 0.76% 

after the 10 years of storage (86) and Nomura and colleagues used stored volunteers’ samples 

and reported a -0.5% annual change after 8 years (65).   

Few studies do a direct comparison of more than one storage temperature. This review 

found three studies of level A quality that compared retinol stored at -80° C and -20° C after 5 

and 15 months. (Appendix table 2) (19, 11, 24) At both temperatures and time points the 

mean retinol value was nearly identical—0.52 mg/L at 5 months versus 0.53 mg/L at 15 

months for -20° C and 0.55 mg/L at 5 months versus 0.58 mg/L at 15 months for -80° C. (19) 

A study from a large storage bank in Norway that compared -80° C and -25 ° C for 1 year 

concluded that the colder temperature was “statistically more stable”. (11) A comparison of 

dried blood spots and frozen sera at the two temperatures was conducted for 6 weeks and the 

two storage mediums had “highly correlated” measurement values. (24) Both temperatures 

were included in an often cited review paper that contributes level C evidence. For their 

review Comstock and colleagues used published results to calculate mean values weighted by 
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the number of samples included in the studies.(18) Results from studies of fresh sera were 

compared to a weighted mean from studies of sera stored at -80° C and -20° C for 6 months to 

13 plus years. (18) The weighted mean for retinol in fresh sera was reported as 780 mcg/L. 

(18) Retinol stored at -80° C had a reported weighted mean for 6 months to 3 years of storage 

of 566 mcg/L, 4 to 7 years of storage of 687 mcg/L, 8 to 12 years of storage of 596 mcg/L, 

and 13 plus years of storage of 616 mcg/L. (18) The respective percent changes are -27%, -

12%, -25%, and -21%. (18) Retinol stored at -20° C had a reported mean for three time 

points—549 mcg/L at 4 to 7 years of storage, 581 mcg/L at 8 to 12 years of storage, and 635 

at 13 plus years of storage. (18) The respective percent changes are -30%, -25%, and -18%. 

(18) 

Four level A validation studies and one level C study evaluated the stability of retinol 

stored at -20° C for 1 to 16 years. (Appendix table 2) The endpoints for the level A studies 

were relatively short with reporting after one year of storage. Three studies reported retinol to 

be stable with annual percent changes of  -1.9% (82), -0.8% (74), and -1.2% (71).  Barreto-

Lins and colleagues reported that the “exponential constant of destruction was O”. (4) The 

level C study stored specimens for 16 years and compared the stored value to fresh samples 

stating that “the retinol was stable”. (42) 

Four studies that we found reported a total vitamin A value instead of the more common 

protocol of reporting individual vitamin A compounds. (Appendix table 2) Level A evidence 

was produced from sera obtained from NHANES II samples that were stored for 5 to 8 years 

and were reported to have a stable coefficient of correlation. (21)  The vitamin A mean values 

had an annual percent change of -0.4% after 8 years. (21) A significantly higher annual 

decline of 32% from the baseline vitamin A values obtained from 55 samples was found with 
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2 years of storage in the other included study. (66) Storage for one year was completed by two 

level A studies that found vitamin A to be stable. Stability was represented in an annual 

percent change of 0.7% (36) and in a line plotted that had an r-square of 0.9128 with time 0 

and time one year measurements. (27) 

2. Fat Soluble Literature: Total Carotenoids, Alpha-Carotene, and Beta-Carotene 

Three studies were found that reported on total carotenoids at both -80 and -20 and 

spanned the evidence range of A to C. (Appendix table 3) The level A study reported “no 

significant change” in the mean carotenoid value without publishing the measured values after 

1 year of -80 storage. (59)  The other -80 paper met level C quality criteria and had percent 

change ranges for the 10 years of storage duration of 0.3% to 4.6%. (86) The Mathews-Roth 

and Stampfer paper reported on an experiment of carotenoid storage at -20 and noted rather 

inconsistent annual percent changes--  at 6 months the carotenoid annual percent change was -

30% and at 10 years it was  -9.7%. (60) 

 Alpha-carotene was evaluated in three level A papers that also included retinol. 

(Appendix table 3)  Alpha-carotene stored had an annual percent change of 0.75% after 4 

years at -80° C (18), and -1.6% after 9 years (37), and 0.84% after 28 months (20). The 

validation study published by Craft et al. that included storage at both -80° C and -20° C 

reported that after 15 months at -80° C the α-carotene was stable, but after 15 months at -20° 

C α-carotene had suffered a “statistically significant decline”. (20) The -20° C stored samples 

had the same mean as the -80° C samples at 5 months, but the -80° C plasma at 15 months 

had a mean of 1.2 mg/L whereas the -20 plasma had a mean of 0.7 mg/L. (20) The final α-

carotene paper stored sera at -20 for one year and reported an annual percent change of -7.5%. 

(82) 
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 Beta-carotene was included in two of the previously reviewed level A papers at -80° C 

storage and was reported to show little to no change in values. (Appendix table 3) The annual 

percent changes were 0.32% after 4 years of storage (17) and 1.5% after 28 months of storage 

(19). Two additional level C papers found inconsistent β-carotene values—after 13 years of 

storage there is a report of an annual decrease of -0.87% (18) and after 8 years of storage an 

annual increase of 7.3% (65). Finally, β-carotene was included in a comparison between 

colder and warmer temperatures (-80° C and -20° C) and like α-carotene had “a statistically 

significant decline” in mean value at the warmer temperature (1.49 mg/L versus 0.8 mg/L). 

(19) 

 We found three β-carotene studies that evaluated -20° C storage with three contributing 

level A evidence and one contributing level C. (Appendix table 3) All three level A studies 

reported significant declines in mean values of sera stored at -20° C. (66, 76, 82) After two 

years Ocke and colleagues and Thurnham and colleagues report annual declines of 43% and 

22.4%, respectively. (66, 84)  Smith and colleagues report a statistically significant mean 

decrease of 50 mcg/L per year. (76) The level C review paper, discussed previously with other 

analytes,  reported an annual percent change of -4.7% after 13 plus years of storage. (18)  

3. Fat Soluble Literature: Cryptoxanthin, Lutein, and Lycopene 

The remaining vitamin A compounds are generally evaluated together because of their 

similar chromatographic spectrum. (80, 82) Table four (appendix) summarizes the three 

studies that evaluate cryptoxanthin, lutein, and lycopene individually. This review includes 

one level A study at -80 that reported all three as having an annual percent change less than 

2.2% after 9 years of storage. (37) The Comstock and colleagues level A paper reported an 

annual percent change for each of three compounds after 4 years of -80 storage—
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cryptoxanthin 1.03%, lutein 0.18%, and lycopene 0.03%. (18) One level A study evaluated β-

cryptoxanthin and lycopene at -20° C storage for 1 year and reported mean decreases 

respectively of -26% and -21%. (82) 

4. Fat Soluble Literature: Vitamin D 

 The storage validity of vitamin D was discussed in four level A papers. (Appendix table 

5) In a study designed to determine temperature validity and how analytes respond to serum 

separator gel, Mathew and colleagues report that “there is no change in mean vitamin D level” 

when stored for 12 months at -80 without serum separator gel. (58) If sera is exposed to serum 

separator gel the mean increases by 37% in 12 months. (58) The Finnish Maternity Cohort was 

the source of samples that had been stored for 6 to 24 years at -25° and vitamin D was 

determined to be “stable”. (1) A slightly warmer temperature (-20° C) was tested for a year and 

vitamin D was also found to be ”minimally changed”, (49) but the final study at -20° C found a 

somewhat variable percent change. (66) Ocke and colleagues found that at 12 months vitamin D 

had declined by 5.5%, at 24 months had declined by 10.9%, at 36 months was unchanged, and at 

48 months had declined by 13.7%. (66)  

5. Fat Soluble Literature: Vitamin E, Tocopherols, Alpha- tocopherols and  
   Beta-tocopherols  

 
The stability of Vitamin E as a complete compound was evaluated in four validation 

studies discovered by this reviewer. (Appendix table 6) All studies stored sera at -20° C from 6 

weeks to 2 years. After 2 years of storage vitamin E declined annually by -0.46% (66), at one 

year had declined annually by -2.8%, (36) and at 6 weeks of storage (the minimal length of 

storage required to be included in this review) declined annually  by -0.5%. (16) Again, Gunter 

and colleagues plotted the baseline and end of storage values on a line with vitamin A’s values 

having an r-square of 0.6796 or moderate stability. (27) 



15 
 

Measurement of tocopherols was the more common way to examine vitamin E stability. 

(Appendix Table 6) Total tocopherols had an annual percent change of 1.5% reported by Craft 

and colleagues after 28 months at -80° C storage. (19) The Craft team also measured total 

tocopherol stored at -80° C and -20° C for 5 and 15 months with quite discrepant results. (19) 

The annual percent change for -80° C was 18% and for -20° C was -1.4% (19) 

Alpha-tocopherol was measured in two reviewed level A studies and in two reviewed 

level C study at -80° C storage. (Appendix table 6) Comstock and colleagues again contribute 

level A evidence with 4 years of storage at -80° C and an annual percent change of -0.41%. 

(17) One other level A paper at -80° C storage reports an annual percent change of 0.5% after 

9 years of storage. (37) Annual percent changes of -0.02% and -0.11% were reported by two 

level C articles after 10 and 13 years, respectively, of -80° C storage. (86, 18)  

A higher storage temperature (-20° C) was investigated for α-tocopherol and ϒ-

tocopherol. A level C paper was the final paper for α-tocopherol and reported a -2.4% annual 

change in 13 plus years. (18) Comstock and colleagues’ level A paper included ϒ-tocopherol 

and found an annual percent change of -0.92% after 4 years of storage. (17) 

C. Water Soluble Literature 

1. Water Soluble Literature: Vitamin C 

Five validation studies with baseline measurements have explored the stability of 

vitamin C, commonly measured as ascorbic acid (AA). (Appendix table 7) Samples that are 

intended to determine ascorbic acid levels are generally stabilized with metaphosphoric acid 

(MPA) or with dithiothreitol (DTT). (55)  Three of the five studies investigated the stability of 

ascorbic acid and evaluated the effect of stabilization with MPA or DTT on AA levels. 

(Appendix table 7) The first validation study summarized in table 7 stabilized samples with 
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MPA and after 4 years of -80 storage a -0.66% annual change was reported. (17) Margolis 

and Davis evaluated DTT’s effect on mean values and two different storage mechanisms; 

freeze dried frozen storage and standard frozen storage. (53) The samples that were freeze 

dried had a -1.6% annualized change after 80 weeks and the samples that underwent standard 

freezing had no change reported after 57 weeks. (53). One final level A study that stored 

samples for 2 years found an annual percent change of -6.8%. (43) 

One validation study compared MPA and DTT and evaluated two different ways of 

measuring vitamin C—ascorbic acid or total ascorbic acid (AA + dehydroascorbic acid). 

(Appendix table 7) After 6 years of -80 storage they report that TAA measurements were 

quite stable when the sample was stabilized with DTT—0.1% and 0.2% annual change in two 

stored sample lots. (54) TAA with MPA stabilization was also stable with -1.1% and -0.9% 

annual change reported. (54)  However, simple measurement of AA was not as stable when 

MPA alone was used and the percent change declined to -4.1% and -7% annual change. (54)  

Investigators with the EPIC cohort sought to determine what would happen to AA if the 

sera were not stabilized because, they argue, most sera collected by epidemiologic studies 

would not be stabilized before storage. (41) They measured AA in sera that had been stored at 

-196 for 7 to 11 years and report moderate correlation between the baseline values and the 

stored values. The annualized change was -3.3% to -2.1%  in 7 to 11 years. (41) 

2. Water Soluble Literature: B Vitamins 

 The B vitamins are not widely studied and most of the interest is focused on folate. One 

level A validation study found by this reviewer examined folate at three storage temperatures (-

20° C, -80° C, and -196° C) for 12 months. (Appendix table 8) Folate was not stable at -20° C 

declining approximately 40% by 4 months, but had an unchanged rank order during the 12 
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months of storage. (40) At -70° C or -196° C the authors report a stable mean at 12 months and 

actually report no change “except expected measurement variation” in mean values. (40) The 

authors conclude that there is no need for -196 storage when folate is the analyte of interest. (40)  

Hustad and colleagues used samples from the Janus Serum Bank in Norway that had been 

stored at -25° C for 29 years to explore degradation kinetics. (Appendix table 8) Folate declined 

approximately 2.9% annually and had a mean decline of approximately 50% at 29 years. (35) 

Another level A study that used the Janus Bank samples reported a similar annual decline of -

2.9% to -3.4% when folate is measured as 5-methyltetrahydrofolate (5mTHF), however if 

folate’s degradation products are also captured and measured as p-amniobenzoylglutamate 

(pABG) then the annual percent change is -0.7% after measured at 29 years. (29) Ocke and 

colleagues analyzed folate as 5mTHF and as with other analytes report a higher percent change 

of -5.6% after 4 years at -20° C. (66) One final level A study included stored spiked specimens at 

-20° C for a year and reported “no degradation” of folate or a 1.2% annual change during 

storage. (36) 

Vitamin B1 (thiamine), B2 (riboflavin), and B6 (pyridoxine) each had two level A validation 

studies. B1 (thiamine) decreased -0.8% (66) and -1.8% (36) after 4 years and 1 year, 

respectively, of -20° C storage. (66, 35) Two of the previously cited papers included B2 

(riboflavin) and had somewhat discordant findings. (66, 35) First the Janus Serum Bank 

contributed evidence of a 2.6% annual percent change after 29 years of -20° C storage (35) 

whereas the other level A paper reported a -0.9% annual change after 4 years of -20° C storage. 

(66) Vitamin B6 (pyridoxine) findings were also somewhat inconsistent. (35) After 29 years of -

25 exposures B6 declined by -0.86% annually (35), but after 4 years of -20 exposure B6 had 

declined by -3% annually. (66) 
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Four  papers also probed the stability of vitamin B12 (cyanocoblamin), and again Jansen 

and colleagues compared stability at -196° C, -80° C ,and -20°C over a year and reported it to be 

“stable” at all temperatures. (40)  The Janus Serum Bank provides stability evidence with 

measurements of vitamin B12 increasing 0.35% annually at -25° C (35) and increasing 1.9% 

annually at -20° C. (66).  Finally, spiked samples utilized by Ihara and colleagues produced a -

0.09% annual change at -20° C. (36) 

D.  Nutritional Biomarkers Discussion   

Overall, the fat soluble vitamin A compounds appear reasonably stable. Retinol is the 

most commonly studied vitamin A analyte with a total of fifteen studies and has the most robust 

collection of validation studies.  Retinol’s annual percent change was reported as -0.5% to 1.5% 

for -80° C storage (37, 17) and -1.9% to 1.2% for -20° C storage. (82, 71)  (Appendix table 2) 

Two validation studies reported retinol as stable when directly comparing both temperatures 

while one comparison study reported -80° C as “slightly more stable”. (11, 16, 17, 18))  Stability 

is reported for total vitamin A in four level A papers, however Ocke and colleagues reported an 

annual percent change of 32%. (21, 28, 36, 66) A thorough review of the Ocke study did not 

reveal why this annual percent change was an outlier. (66) Given the body of reviewed literature 

it seems reasonable to use -20° C storage if retinol or vitamin A is of interest, especially if 

storage is limited to a maximum of 10 years.  

Total carotenoids and α-carotene each have 3 or 4 studies covering -80° C and -20° C 

which limits the conclusions that can be drawn about these analytes. (Appendix table 3) That 

said, this review would cautiously support -80° C storage for carotenoids and α-carotene. (16, 17, 

18, 35, 58, 60, 82) Beta-carotene, included in a total of 9 studies, appears to require -80° C for 

stable maintenance. (16, 17, 18, 65, 66, 74, 82) Limited data precludes meaningful conclusions 
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about the remaining vitamin A compounds (cryptoxanthin, lutein, and lycopene). (Appendix 

table 4) 

Vitamin D has three level A studies at both -80° C and -20° C that report stability. 

(Appendix table 5) (1, 49, 58, 66) Again the outlier is the Ocke et al. study and it is difficult to 

understand why this study is consistently an outlier. (66) This analyte is more a steroid hormone 

than a vitamin and may be determined to have stability patterns more similar to the other steroid 

hormones, but it requires more study to create a body of evidence from which to establish a 

robust storage protocol. (Appendix table 5) 

Vitamin E and compounds appear to have, what one investigator called, “intermediate 

stability”. (17) Total vitamin E was reported in 4 level A studies to have a -0.5% to -2.8% annual 

change at -20° C and total tocopherol was reported in 1 level A study to have a -0.009% annual 

change at -80° C. (16, 27, 36, 66) Alpha-tocopherol with 4 studies at -80° C and one at -20° C is 

reported to have minimal annual percent changes of -0.02% to 0.5%. (17, 18, 37, 86) A higher 

storage temperature may be acceptable for these vitamin E analytes, but further investigation is 

required before full support of this conclusion can be given. 

The water soluble vitamins were unique because all the studies included were level A 

studies. (Appendix table 7) Ascorbic acid (vitamin C) requires acidification before storage and 

stability varies by the type of acidification used. (53, 54, 55, 56) The most stable protocol 

reviewed uses TAA and either DTT or MPA and results in very minimal annual percent changes 

(0.1% - -0.9%). (17, 53, 54) However, if MPA is used alone or if vitamin C is not acidified then 

the annual percent change is reported as high as 7%. (41, 43)  

Folate and B12 were the most commonly studied B vitamins and the majority of studies 

used -20° C or -25° C. (Appendix table 8) Folate had reports of an annual percent change as high 
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as -5% and B12 had reports of annual percent changes of -0.09% - 1.9%. (35, 40, 29, 36, 66) 

Vitamin B1, B2, and B6 were also included with only two studies each at -20° C and had percent 

changes of -3 to 2.6, (35, 40, 66) B vitamins in general, folate especially, are significantly 

influenced by the analytic technique that is used to recover them. (35, 38) Hannisdal and 

colleagues found that folate measured as 5-methyl-tetrahydrofolate had a 3.2% annual change 

but when measured as p-amino-benzoylglutamate had a 0.7% annual change. (29)  

 The storage of vitamin analytes, as illustrated by the studies collected for this review, is a 

complicated endeavor requiring careful consideration of multiple ancillary lifestyle issues when 

developing an analysis plan that accurately assesses storage stability. (37, 38) Otherwise, studies 

are less likely to have internal and external validity. (32, 46) For instance, participants’ dietary 

intake patterns can influence the measured levels of vitamin analytes. (69, 76) Ozasa and 

colleagues also have documented how diet and particularly the diets of ethnic groups as well as 

gender differences can also influence measured levels of stored samples. (69) Recent dietary 

intake, a fasting or non-fasting state, smoking and alcohol, total cholesterol, and even season 

differences of vitamin levels can influence the measured value of stored vitamins. (3, 9, 12, 25, 

38, 43, 59, 69) Level A studies included in this review are likely to have pre-analytic bias 

because of such issues. Stability studies (level B-D) that do not have a baseline analyte 

measurement but depend on the results of another study or a collection of fresh samples to 

establish a benchmark of stability can be significantly influenced by the characteristics of the 

comparison group or study that is chosen.  

Collection and processing procedures as well as laboratory analysis variability further 

conspire to influence the results and thus generalizability of stability studies. (27, 33, 42, 47, 86)  

The water soluble vitamins appear to be the most susceptible to inter-lab variability, in particular 
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Ihara, et al. and Jansen, et al. are influenced by lab variability. (36, 40, 56)The anticoagulant 

present in the blood collection tube, the time from freezer to specimen analysis, specimen 

exposure to air, light, and temperature in the lab have all been documented to effect the 

measurements of a given vitamin. (9, 79, 80, 86 Vitamin A levels are particularly vulnerable to 

oxidation and Comstock and colleagues could have been significantly biased due to oxidation. 

(17, 18) The number of freeze-thaw cycles before analysis can influence vitamin A compounds’ 

results, but is not an issue for vitamin E. (27) Unfortunately, few of the included studies discuss 

in their methods the precautions that they take to protect samples from degradation before and 

during storage or when withdrawn for analysis in the laboratory. (4, 66, 73) Finally, the 

laboratory analytic technique used can effect results limiting the comparisons between and the 

conclusions drawn from the studies included in this review. (66, 86) 

The primary objective of this review was to attempt to answer what storage temperature 

provides stability for vitamins and pro-vitamins? We assembled an original view of the available 

evidence—robustness of the data by storage temperature with stability trends noted or revealed. 

Additional research is urgently needed on the long term stability of vitamins and pro-vitamins at 

different temperatures over varying lengths of time. We will not know with confidence how 

vitamins are associated with disease processes or outcomes unless we first understand the 

degradation curve of a given vitamin of interest in the different quartiles at baseline and how the 

quartile measurements respond to varying lengths of time in storage. In short, we need to answer 

not only what temperature best preserves each vitamin, but also how does each vitamin decay? 

Answers to these questions are required to begin the process of establishing temperature storage 

protocols that allow investigators to be assured that their results are valid. 
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CHAPTER 3: STEROID HORMONE RESULTS 

 

A. Steroid Hormones Background 

PubMed has well over 2000 articles of case control investigations of steroid hormones’ 

role in CVD and cancer. Yet 31 articles are retrieved if PubMed is searched for “stability of 

stored cortisol”, cortisol being one of the more commonly implicated hormones.  Little is known 

about the stability of stored steroid hormones despite significant activity and interest in their role 

in not only CVD and cancer but also mental health, obesity, diabetes, and cognitive 

development. (32, 44, 48, 77)  

The PubMed search strategy outlined in the methods section retrieved a total of 23 papers 

with abstracts that suggested methods to investigate the stability of stored steroid hormones. One 

paper was found by manually searching the ISBER bibliography and two papers were found by 

reviewing the bibliographies of all papers. Unfortunately, only 12 of the retrieved papers met the 

inclusion criteria and are included in summary table nine (Appendix). The others were excluded 

because they did not store specimens for a minimum of 6 weeks or the methods did not include 

validation of a steroid hormone’s storage temperature.   

The steroid hormone results and summary table (appendix table 9) are organized first by 

analyte—estradiol, estriol, estrone, progesterone, prolactin, total testosterone, free testosterone, 

cortisol, androstenedione, sex hormone binding globulin (SHBG), and corticosteroid binding 

globulin (CBG). Each analyte is then organized by storage temperature, by the A to D level of 

evidence matrix, and finally by years of storage. When possible an annual percent change is 

presented otherwise the article’s conclusion is directly quoted.   

B. Steroid Hormone Literature: Estradiol 
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One of the most often cited studies of steroid sex hormone stability is an Italian study that 

included both pre and postmenopausal women (n=16) whose serum and plasma were tested at 

baseline and stored at -80° C for 3 years. (8) (Appendix table 9) A -0.14% annual change was 

reported for premenopausal serum and 0.23% annual change was reported for postmenopausal 

serum--supporting the conclusion that estradiol is stable in serum.(8) Estradiol did not fair so 

well in plasma--the premenopausal and postmenopausal plasma percent changes were 

significantly higher at -5.6% and -6.8% respectively. (8) Cauley and colleagues report in a level 

C paper that estradiol was “stable” after 10 years of -80° C storage. (13) Level D criteria is met 

by two studies that report “unchanged” or “stable” after 15 years of -80° C storage. (5, 26) 

Higher temperature (-20°C) storage also is reported to adequately preserve estradiol in three 

level D studies. (32, 33, 88) The Finnish Maternity Cohort supplied serum from 154 participants 

and reported estradiol “to increase with storage time, but remain in the clinically relevant range” 

after -25° C storage for 29 years. (33) Henderson and colleagues reported “stability” of estradiol 

in specimens that had been stored at -20°C for 21 years when compared to samples stored for 6 

years. (32) Finally, estradiol “stability” was supported by a level D study that utilized 814 NCPP 

participants’ samples stored for 40 years at -20° C. (88) 

C.  Steroid Hormone: Estriol and Estrone 

Estriol is reported to be “stable” at each of the storage temperatures in two level D 

papers. (Appendix Table 9) Again the work of Barrett-Connor and colleagues supports the 

stability of estiol when stored for 15 years at -80° C (5) and the NCPP sera supported the 

stability of estriol after 40 years at -20° C storage. (88) Estrone was reported to have unchanged 

means by a level C paper at -80° C for 10 years and by a level D paper for 14 years. (13, 26) 

D.  Steroid Hormone Literature: Progesterone and Prolactin 
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Progesterone and prolactin were investigated by two studies that met the inclusion criteria 

for this review. (Appendix table 9) The progesterone results are somewhat contradictory. 

(Appendix table 9) Progesterone’s premenopausal annual percent change in serum was -14.4% 

and in plasma was -13.1% after 3 years of storage at -80° C. (8) Bolelli and colleagues also 

report that the rank order of progesterone was maintained throughout storage rendering the 

specimens valid for epidemiologic investigations. (8) Progesterone was reported to “decrease 

with storage time, but remain in the clinically relevant range” after 2-22 years at -25° C in a level 

D study. (33) Prolactin, only investigated in one paper, had an annual percent change of -1.4% 

and 1.4% in pre and postmenopausal serum and premenopausal plasma. (8) Postmenopausal 

plasma had a 2.3% annual change. (8)  

E.  Steroid Hormone Literature: Total and Free Testosterone 

Total Testosterone measurements were contributed by Borelli and colleagues’ who 

assayed both pre and postmenopausal women’s serum and plasma after 3 years of -80° C storage. 

(8) (Appendix table 9) Premenopausal serum and plasma and postmenopausal plasma had an 

annual percent change of roughly 3.5% and postmenopausal serum had an annual percent change 

of -1.5%. (8) “Unchanged” or “stable” mean measurements were reported by three studies that 

compared samples stored at -80°C to fresh samples (level C) or to published results (level D). (5, 

13, 26) A previously reviewed level B paper also reports “stable” total testosterone 

measurements after 21 years of storage at -20° C.(32) The NCPP, -20° C storage for 40 years, 

contributed total testosterone data in three studies. Stroud and colleagues reported a 0.09% 

annual change in samples drawn during the third trimester and a -0.08% annual change drawn 

the day of delivery when compared to published means from fresh samples. (77) The final paper 

reporting total testosterone stability in the NCPP samples did not include actual data. (88) 
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 Free testosterone had a 7.8% annual change in the only level A validation study. (8) 

However, Cauley and colleagues found similar means when comparing the measurements of 

stored free testosterone to published results. (13) 

F.  Steroid Hormone Results: Cortisol 

 Cortisol was included in the study of the NCPP samples and those drawn in the third 

trimester had an annual percent change reported as –0.044%. (7) Cortisol drawn on the day of 

delivery had an annual percent change of -0.87%. (77)  

G.  Steroid Hormone Results: Androstenedione 

Androstenedione, the precursor to male and female sex hormones, was measured in two -

80° C studies for 10 and 14 years. (Appendix table 9) A level C paper reported that 

androstenedione was “unchanged” when compared to fresh samples after 10 years of -80° C 

storage. (13) Stability was also reported with four additional years of storage at -80° C and 

comparison to the author’s unpublished results. (26) 

H.  Steroid Hormone Binding Globulins: Sex Hormone Binding Globulin and            
Corticosteroid Binding Globulin  

 
 Sex Hormone Binding Globulin (SHBG) has no level A validation studies. (Appendix 

table 9) SHBG is stable according to two level D studies at -80° C storage for 14 and 15 years 

that have been discussed with other analytes. (13, 26) The -20° C papers go from level B to level 

D literature and range from 16 to 40 years of storage. The level B paper reported stable 

measurements for SHBG when compared to samples in their archive measured over a 6 year 

period (32) and one level C paper also reported stability. (48) Stroud and colleagues are the only 

investigators to actually report the results they were comparing to allowing annual percent 

change to be calculated. Samples collected during the third trimester and on the day of delivery 

had an annual percent change respectively of -0.44% and -0.94%. (77) Corticosteroid binding 
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globulin (CBG) had a 0.43% annual change after 16 years of -20° C storage when compared to 

both fresh samples and published reports. (48) Finally, 40 years of -20° C storage resulted in a 

0.54% annual change for third trimester samples and a 0.32% annual change for day of delivery 

samples. (77) 

I.  Steroid Hormones Discussion 

Expert opinion abounds regarding the stability of steroid hormones—it has even been 

said that they are “the most stable of compounds”. (33) This expert opinion is possibly bolstered 

by the fact that steroid hormones appear to be unaffected by multiple (as many as 10) freeze 

thaw cycles. (51,72) Overall there is evidence that they are stable, however, there is only one true 

validation study by Bolelli and colleagues that includes estradiol, progesterone, prolactin, total 

and free testosterone. (8) The remaining studies rely on comparison to fresh samples or 

published results and generally do not report the comparison means.  

The assembled literature appears to support that serum estradiol, estriol, estrone, total 

testosterone, and cortisol are stable. (8, 13, 77) Prolactin endures modest storage changes, but 

with a roughly 1% annual change is considered acceptable by most authors for epidemiological 

studies. (8) The results for progesterone and free testosterone are variable with contradictory 

results reported making it difficult to draw a conclusion. (8, 33) However, progesterone and free 

testosterone rank orders are maintained with very minimal variance which is considered by some 

authors to be the critical issue for epidemiological studies. (8) Bolelli and colleagues conclude 

that progesterone and free testosterone can be rank ordered instead of studied by mean 

measurements at least when stored at -80°C for 3 years. (8) 

 Androstenedione is reported in two papers to be stable. (13, 26) SHBG has some 

variability of results with four studies reporting no difference, one reporting an insignificant 
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increase, and the only study (76) with actual means to compare reporting a moderate decrease. 

(8, 13, 32) CBG appears reasonably stable with annual percent change of approximately 0.4%. 

(48, 77)   

The generalizability of the steroid hormone and binding globulin studies is questionable 

for multiple reasons. Primarily the included studies provide level C and D evidence or compared 

stored results to fresh samples or published results which is an inferior substitute for level A 

evidence with baseline measurements. All studies are potentially challenged by methods 

variability and the collected literature for this review was particularly challenged. First, the 

comparison results were often generated by a different assay method, the labs were operating 

with different processing methods, and the specimens were stored varying lengths of time. 

Extraction assay kits changed during the study period of the level A study for estradiol, total 

testosterone, and progesterone, creating the potential for significant lab variability issues. (8) 

Cortisol and testosterone vary throughout the day and testosterone is affected by nutritional 

status yet few of the studies collected and reported this information.  

Storage containers can further influence the measurements of steroid hormones and 

binding globulins. (77) Air tight storage containers have been shown to be critical for steroid 

hormones to prevent evaporation of the storage medium and an increase in measured mean 

hormone values. (72, 83) Unfortunately, limited information was included in the methods of 

reviewed studies regarding the type of caps used for storage. Finally, these studies may further 

be confounded by steroid hormones affinity for the plastic tubes that are commonly used in ultra-

low temperature storage. (8, 12) Bruning and colleagues reported that this was especially true for 

progesterone and androstenedione because they are less polar molecules and thus more attracted 

to the plastic. (12)    
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 Many of the papers presented in table 9 (appendix) share only limited methods, but more 

importantly do not share the analytes’ measured means rather simply share the conclusion that 

the analyte is stable or unchanged. This especially limits the conclusions that can be drawn about 

a -80° C or a -20° C storage temperature despite a number of less robust -20° C papers 

supporting stability. The case can be made that either the comparisons made in the level B – D 

papers are like comparing apples to oranges or given the limited methods and data that it is 

simply difficult to know the strength of the conclusion.     

Additional level A studies would add certainty to the claim that the sex steroid hormones 

and the binding globulins are stable.  Planning for those validation studies requires rigorous 

attention to collection and processing methods that ensure time of day and fasting status is 

recorded when the sample is collected, the aliquots are in appropriate air-tight tubes, and an 

assay is chosen that is generally in use and not likely to change from the time when baseline 

measurements are taken until the study is completed. (83) Once samples are in the freezer they 

need to be maintained at a stable temperature with constant monitoring and logging of any 

freeze-thaw cycles. (72) Validation of analytes needs to occur on specimens that have been 

frozen a similar length of time and if from pregnant participants they need to be matched with 

baseline specimens from the same gestational age. (87) Validation studies that attend to these 

details would allow the development of a robust steroid hormone storage protocol that allows 

investigators to use stored specimens with confidence to explore steroid hormones’ and binding 

globulins’ role in multiple disease states. 
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CHAPTER 4: CONCLUSIONS 

 

Many millions of biological aliquots currently reside in freezers all over the world and 

some for as long as 50 years. Several thousand papers have been written with findings provided 

by these samples, yet few analytes have clearly and robustly delineated storage protocols or 

degradation curves. Without these it is difficult to properly develop specimen collection and 

storage methods or to properly control for potential confounding when analyzing results. The 

cost of studies with stored samples could potentially be significantly reduced if it was understood 

which analytes require -80° C and which are conserved at -20° C. In short, conclusions are 

tenuous, at best, that are drawn from vitamin or steroid hormone specimens. Validation of 

storage temperatures is required for molecular epidemiologic studies to progress forward and 

make their mark on multiple disease processes.  
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 Table 1: Literature Matrix Summary  

Level A True Validation Study—baseline measurements at the time of collection. 
Level B Comparisons made with the same biological archive that the current study is 

using, but the comparison measurements are made at a time point other than 
baseline or the current study. Briefly, same archive different time point. 

Level C Comparisons made with measurements on fresh samples. 
Level D Comparisons made with the results of published measurements. 
Level E Expert Opinion 
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Table 2: Vitamin A and Retinol 
Vitamin A & 

Retinol 
Study Evidence 

Level 
Storage 

Time 
Storage 
Temp 

Comparison 
Source 

Annual % 
Change 

Retinol Comstock et al, 
1995 (#) 

A 4 years  
(51.5 
months) 

-80° C Estimated baseline 
with regression 
line 

-0.49%  

Retinol Ito (JACC) 2003 A 9 years -80° C Baseline -0.5% 

Retinol Craft A 28 months -80° C  Baseline  1.5% 

Retinol Willett C 10 years -80° C Fresh samples 0.76% 

Retinol Nomura  B/C 8 years -80° C Stored “Normal 
volunteers ‘” 
samples 

-0.5% 

Retinol Craft A  15 months -80° C vs. 
 -20° C 

Compared means 
at 5 and 15 months 
of storage 

Report “no 
change” 

Retinol Brown A 10 years -80° C &  
 -25° C 

Baseline More stable at -80 

Retinol Fujita A 6 weeks -80° C & 
 -20° C 

Baseline DBS correlate 
with sera levels 

Retinol Comstock 1993 
 

C 13 years -80° C & 
 -20° C 

Fresh 616 mcg/L 
(calc.) 

Retinol Thurnham A 1 year -20° C Baseline -1.9% 

Retinol Rider A 1 year -20° C Baseline 0.8%  

Retinol Peng A 1 year -20° C Baseline 1.2% 
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Table 2 (cont’d) 

Vitamin A & 
Retinol 

Study Evidence 
Level 

Storage 
Time 

Storage 
Temp 

Comparison 
Source 

Annual % 
Change 

Retinol Barreto-Lins A 1 year -20° C Baseline “stable CV (2.5% 
- 3.5%)”  & 
“exponential 
constant of 
destruction = O” 

Retinol Kark C 16 years -20° C Fresh Samples “Stable” 

Vitamin A Driskell 1985 
 

A 8 years -20° C Baseline -0.4% 

Vitamin A Ocke A 2 years -20° C Baseline -32% 

Vitamin A Ihara A 1 year -20° C Baseline 0.7% 

Vitamin A Gunter A 1 year -20° C Baseline “Stable” 
r-square =0.9128 
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Table 3: Carotenoids (Alpha and Beta Carotene) 

Carotenoids: 
Alpha & Beta 

Carotene 

Study Evidence 
Level 

Storage 
Time 

Storage 
Temp 

Comparison 
Source 

Annual % 
Change 

Carotenoids Willett D 10 years -80° C Published results -0.3% - 
-4.7%  

Carotenoids Mathews-
Roth 

D 12 months -80° C  “Essentially 
unchanged” 

Carotenoids Mathews-
Roth & 
Stampfer 

C 6 months & 
10 years 

-20° C  -30% & -9.7%  

α-Carotene Comstock 
1995 

A 4 years  
(51.5 
months) 

-80° C Estimated 
baseline with 
regression line 

0.75% 

α-Carotene Ito A  9 years -80° C Baseline -1.6% 

α-Carotene Craft A 28 months -80° C  Baseline  0.84% 

α-Carotene Craft A 15 months -80° C vs 
 -20° C 

Baseline  “Stat. 
significant 
decline” 

α-Carotene Thurnham A 1 year -20° C Baseline -7.5% 

β-Carotene Comstock 
1995 

A 4 years  
(51.5 
months) 

-80° C Estimated 
baseline with 
regression line 

0.32% 

β-Carotene Craft A 28 months -80° C Baseline  1.5% 

β-Carotene Comstock  
1993 (review) 

C 13 years -80° C Fresh samples  -0.87% 

β-Carotene Nomura B/C 8 years -80° C “Stored “Normal 
volunteers ‘”  

7.3% 
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Table 3 (cont’d) 
Carotenoids: 
Alpha & Beta 

Carotene 

Study Evidence 
Level 

Storage 
Time 

Storage 
Temp 

Comparison 
Source 

Annual % 
Change 

β-Carotene Craft A 15 months -80° C vs.  
-20° C 

Baseline (values 
not given) 

“Stat. 
significant 
decline” 

β-Carotene Ocke A 24 months -20° C Baseline -43% 

β-Carotene Smith A  2.75 years -20° C  Means 
decreased by 
50 mcg/l 
annually 

β-Carotene Thurnham A 1 year -20° C Baseline -22.4% 

β-Carotene Comstock  
1993 (review) 

C 13+ years -20° C Fresh samples -4.7% 
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Table 4: Other Vitamin A Compounds (Cryptoxanthin, Lutein, and Lycopene) 

Other A: 
Cryptoxanthin, 
lutein, & 
lycopene 

Study Evidence 
Level 

Storage 
Time 

Storage 
Temp 

Comparison 
Source 

Annual % 
Change 

Cryptoxanthin, 
lutein, & 
lycopene 

Ito A 9 years -80° C Baseline <2.2% 

Cryptoxanthin Comstock 
1993 

C 4 years -80° C  Fresh Results  1.03% 

Lutein Comstock 
1993 

C 4 years -80° C Fresh Results   0.18% 

Lycopene Comstock 
1993 

C 4 years -80° C Fresh Results   0.03% 

b-Cryptoxanthin Thurnham A 1 year -20° C Baseline -26% 
Lycopene Thurnham A 1 year -20° C Baseline -21% 
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Table 5: Vitamin D 
Vitamin D Study Evidence 

Level 
Storage 

Time 
Storage 
Temp 

Comparison 
Source 

Annual % 
Change 

Vitamin D Mathew A 12 months -80° C Baseline No change 

Vitamin D Agborsangaya A 6 – 24 years -25° C Baseline No change 

Vitamin D Lensmeyer A 12 months -20°C Baseline No change 

Vitamin D Ocke A 4 years -20° C Baseline -13% 
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Table 6: Vitamin E & Tocopherols (Alpha and Beta Tocopherols) 
Vitamin E & 
Compounds: 
a-tocopherol, 
b-tocopherol 

Study Evidence 
Level 

Storage 
Time 

Storage 
Temp 

Comparison 
Source 

Annual % 
Change 
checked 

 
Vitamin E Ocke A 2 years -20° C Baseline -0.46% 

Vitamin E Clevidence A 6 weeks -20° C Baseline -0.5% 

Vitamin E Ihara A 1 year -20° C Baseline -2.8% 

Vitamin E Gunter A 1 year -20° C Baseline “Moderately 
stable” r-
squared = 
0.6796 

Tocopherols Craft A 28 months -80° C Baseline 1.5% 

α-tocopherol Comstock 
1995 

A 4 years  -80° C Estimated baseline 
with regression line 

-0.41% 

α-tocopherol Ito A 9 years -80° C Baseline 0.5% 

α-tocopherol Willett C 10 years -80° C Fresh samples -0.02% 

α-Tocopherols Comstock 
1993 

C 13 years -80° C Fresh Samples -0.11%  

α-Tocopherols Comstock 
1993 

C 13 years -20° C Fresh Samples -2.4% 

ϒ-tocopherol Comstock 
1995 

A 4 years  -80° C Estimated baseline 
with regression line 

-0.92% 
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Table 7: Ascorbic Acid 
Analyte Study Evidence 

Level 
Storage 

Time 
Storage 
Temp 

Comparison 
Value 

Annual % 
Change 

Ascorbic Acid Comstock et al, 
1995  

A   4 years  
(51.5 
months) 

-80° C Baseline 
estimated 
regression 
line 

-0.66 %  

Ascorbic Acid Margolis & 
Davis 1988 

A 80 weeks  -80° C Baseline -1.6% 

Ascorbic Acid 
(frozen) 

Margolis & 
Davis 1988 

A 57 weeks -80° C Baseline No change 

Ascorbic Acid Karlsen A 2 years -80° C Baseline -6.8% 

Ascorbic Acid  
(TAA , DTT 
preserved) Lot 1 

Margolis & 
Duewer 

A 6 years -80° C Baseline  0.1% 

Ascorbic Acid  
(TAA , DTT 
preserved) Lot 2 

Margolis & 
Duewer 

A 6 years -80° C Baseline  0.2% 

Ascorbic Acid 
(TAA, MPA 
preserved) Lot 1 

Margolis & 
Duewer 

A 6 years -80° C Baseline  -1.1% 

Ascorbic Acid 
(TAA, MPA 
preserved) Lot 2 

Margolis & 
Duewer 

A 6 years -80° C Baseline  -0.9% 

Ascorbic Acid 
(MPA preserved) 
Lot 1 

Margolis & 
Duewer 

A 6 years -80° C Baseline  -4.1% 

Ascorbic Acid 
(MPA preserved) 
Lot 2 

Margolis & 
Duewer 

A 6 years -80° C Baseline  -7.0% 

Ascorbic Acid (no 
stabilization) 

Jenab A 7 - 11 
years 

-196° C Baseline -3.3% - -2.1% 
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Table 8: B Vitamins 

Analyte Study Evidence 
Level 

Storage 
Time 

Storage 
Temp 

Comparison 
Value 

Annual % 
Change 

Folate Jansen A 1 year -196° C 
vs. -80° 
C vs. 
 -20° C 

Baseline Stable at -80 & 
below -20 
declined, but 
rank order 
same 

Folate Hustad A 29 years -25° C Baseline -2.9%  
Folate Hannisdal A 29 years -25° C Baseline -0.7% 

*retrieval 
method  

Folate Ocke A 4 years -20° C Baseline -5.6% 
Folate Ihara A 1 year -20° C Baseline 

spiked 
-.09% 

B1 (Thiamine) Ihara A 1 year -20° C Baseline 
spiked 

1.2% 

B1 (Thiamine) Ocke A 4 years -20° C Baseline -0.8% 
B2 (Riboflavin) Ihara A 1 year -20° C Baseline 

spiked 
-1.8% 

B2 (Riboflavin) Hustad A 29 years -25° C Baseline 2.6% 
B6 (Pyridoxine) Ocke A 4 years -20° C Baseline -0.9% 
B6 (Pyridoxine) Hustad A 29 years -25° C Baseline -0.86%  
B12 
(Cyanocoblamin) 

Ocke A 4 years -20° C Baseline -3% 

B12 
(Cyanocoblamin) 

Jansen A 1 year -196° C 
vs. -80° 
C vs 20°  

Baseline Stable at all 
temperatures 

B12 
(Cyanocoblamin) 

Hustad A 29 years -25° C Baseline .35% 

B12 
(Cyanocoblamin) 

Ocke A 4 years -20° C Baseline 1.9%  
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Table 9: Steroid Hormones 
Hormone Study Evidence 

Level 
Storage Time Storage Temp Comparison 

Source 
% Annual Change 

Estradiol  
Premenopausal  Serum 

Bolelli A 3 years -80° C Baseline -0.14% 

Estradiol  
Postmenopausal  
Serum 

Bolelli A 3 years -80° C Baseline 0.23% 

Estradiol  
Premenopausal  
Plasma 

Bolelli A 3 years -80° C Baseline -5.6% 

Estradiol  
Postmenopausal  
Plasma 

Bolelli A 3 years -80° C Baseline -6.8% 

Estradiol Cauley C 10 years -80° C Fresh Samples “Unchanged” 
Estradiol Barrett-

Connor 
(90 & 95) 

D 15 years -80° C Published 
Results 

“Remained 
Constant” 

Estradiol Garland D 14 years -80° C Unpublished 
Results 

“Remained 
Constant” 

Estradiol Holl D 2-22 years -25° C Clinical Range “Increased, but 
remained within 
clinically normal 
range” 

Estradiol Henderson B/D ? 21 years -20° C Samples over 6 
years 

“Stable” 

Estradiol Zhang D 40 years -20° C Published 
Results 

“Stable” 
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Table 9 (cont’d) 
Hormone Study Evidence 

Level 
Storage Time Storage Temp Comparison 

Source 
% Annual Change 

Estiol Zhang D 40 years -20° C Published 
Results 

“Stable” 

Estrone Cauley C 10 years -80° C Fresh Samples “Unchanged” 
Estrone Garland D 14 years -80° C Unpublished 

Results 
“Remained 
Constant” 

 
Progesterone 
Premenopausal Serum 

Bolelli A 3 years -80° C Baseline -14.4% 

Progesterone 
Premenopausal Plasma 

Bolelli A 3 years -80° C Baseline -13.1% 

Progesterone Holl D 2-22 years -25° C Clinical Range “Decreased, but 
clinically normal 
range” 

 
Prolactin 
Premenopausal Serum 

Bolelli A 3 years -80° C Baseline 1.4% 

Prolactin 
Postmenopausal 
Serum 

Bolelli A 3 years -80° C Baseline -1.4% 

Prolactin 
Premenopausal Plasma 

Bolelli A 3 years -80° C Baseline 1.4% 

Prolactin 
Postmenopausal 
Plasma 

Bolelli A 3 years -80° C Baseline 2.3% 

 
Total Testosterone 
Premenopausal Serum 

Bolelli A 3 years -80° C Baseline 3.4% 

Total Testosterone 
Postmenopausal 
Serum 

Bolelli A 3 years -80° C Baseline -1.5% 
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Table 9 (cont’d) 
Hormone Study Evidence 

Level 
Storage Time Storage Temp Comparison 

Source 
% Annual Change 

Total Testosterone 
Premenopausal Serum 

Bolelli A 3 years -80° C Baseline 3.8% 

Total Testosterone 
Postmenopausal 
Plasma 

Bolelli A 3 years -80° C Baseline 3.5% 

Total Testosterone Cauley C 10 years -80° C Fresh Samples “Unchanged” 
Total Testosterone Garland D 14 years -80° C Unpublished 

Results 
“Remained 
Constant” 

Total Testosterone Barrett-
Connor 
(90 & 95) 

D 15 years -80° C Published 
Results 

“Remained 
Constant” 

Total Testosterone Holl D 2-22 years -25° C Clinical Range “Unchanged” 
Total Testosterone Henderson B/D ? 21 years -20° C Samples over 6 

years 
“Stable” 

Total Testosterone Stroud 
3rd Trimester 

D 40 years -20° C Published Fresh 
Samples 

0.09% 

Total Testosterone Stroud 
Day of 
Delivery 

D 40 years -20° C Published Fresh 
Samples 

-o.o8%  
 

Total Testosterone Zhang D 40 years -20° C Published 
Results 

“Stable” 

 
Free Testosterone 
Premenopausal Serum 

Bolelli A 3 years -80° C Baseline 7.8% 

Free Testosterone 
Premenopausal Serum 

Bolelli A 3 years -80° C Baseline 13.1% 

Free Testosterone Cauley C 10 years -80° C Fresh Samples “Unchanged” 
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Table 9 (cont’d) 
Hormone Study Evidence Level Storage Time Storage Temp Comparison 

Source 
% Annual 
Change 

Cortisol Stroud NCPP  
3rd Trimester 

C 40 years -20° C Published Fresh 
Samples 

-0.044% 

Cortisol Stroud NCPP  
Day of Delivery 

C 40 years -20° C Published Fresh 
Samples 

-0.87% 

 
Androstenedione Cauley C 10 years -80° C Fresh Samples “Unchanged” 
Androstenedione Garland D 14 years -80° C Unpublished 

Results 
“Remained 
Constant” 

 
Sex Hormone 
Binding 
Globulin 

Barrett-Connor  
(1990) 

D 15 years -80° C Published 
Results 

“Remained 
Constant” 

Sex Hormone 
Binding Globin 

Garland D 14 years -80° C Unpublished 
Results 

“Remained 
Constant” 

Sex Hormone 
Binding Globin 

Holl D 2-22 years -25° C Clinical Range “Increased, but 
remained 
within 
clinically 
normal range” 

Sex Hormone 
Binding 
Globulin 

Henderson B 21 years -20° C Samples over 6 
years 

“Stable” 

Sex Hormone 
Binding 
Globulin  

Lapidus C/D 16 years -20° C Fresh Samples 
& Published 
Results 

“No 
Difference” 

Sex Hormone 
Binding 
Globulin 

Stroud NCPP  
3rd Trimester 

D 40 years -20° C Published Fresh 
Samples 

-0.44% 
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Table 9 (cont’d) 
Hormone Study Evidence Level Storage Time Storage Temp Comparison 

Source 
% Annual 
Change 

Sex Hormone 
Binding 
Globulin 

Stroud NCPP  
Day of Delivery 

D 40 years -20° C Published Fresh 
Samples 

-0.94% 
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